It is unclear if or how the assembly of neuronal circuits in vertebrates is specified genetically during development 1 . Segmentation of the neural tube is a general strategy by which developmental genes control the anteroposterior (AP) organization of brain regions. Segmentation of the hindbrain involves the transient subdivision of the neural tube into a metameric series of rhombomeres (r1-r8), coincident with the expression domains of developmental control genes 2 . Rhythmic activities of the cranial nerves in the isolated hindbrain of the chick embryo reveal an active primordial network of reticular interneurons, segmentally organized in register with the efferent motor nuclei 3 . Activity in motor roots reflects the activity of burst-related neurons (BRNs), in which transient depolarizations (bursts) are followed by gating processes that prevent further bursting. The hindbrain primordial rhythmic network is thought to mature into circuits that control vital branchial behaviors such as respiration 4 . However, following the morphological disappearance of rhombomeres, there is a dramatic reconfiguration of neurons and synapses during late embryonic and neonatal stages of development; thus, the influence of early segmentation on the function of hindbrain neural networks remains an open issue. We therefore investigated maturation of the primordial neuronal network during postsegmental stages of development.
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RESULTS

High-frequency bursting and GABAergic inhibition
At birth, the de-afferented hindbrain of continuously breathing vertebrates generates a respiratory-like bursting activity at intervals of 13.1 ± 6.9 s (n = 13) in chicken 6 and 5.8 ± 1.9 s (n = 15) in mice 7 . From the end of the segmental period in the chick embryo (stage 24, described in ref. 5) up to stage 28 (E4.5-5.5), the isolated hindbrain generates a 'low-frequency' rhythmic pattern (Fig. 1a) , with interburst intervals of 75.9 ± 18.8 s (n = 30). This has also been seen in mice at E12.5-13.5 (75.1 ± 18.0 s, n = 7, G.F. and J.C., unpublished observations). These frequencies are an order of magnitude lower than those of neonatal rhythms. A closer-tomature activity with high-frequency episodes develops at around E6 in chick (Figs. 1d, g and h and 2; also, see iHF in Table 1 ) and increases in importance thereafter 8 .
Initiation of high-frequency activity was found to correlate with the establishment of a class of 'inhibited reticular neurons' (IRNs, Fig. 1d-f ) that form about half of the active neuronal population (19 of 37 cells; compare Fig. 1d, IRN, to Fig. 1g, BRN) in the hindbrain network. IRNs were identified by their temporal pattern of postinhibitory-rebound discharge activity, initiating firing at the onset of the high-frequency motor burst (black arrowhead in Fig. 1d) . The high-frequency-related rebound discharge always followed a postsynaptic potential locked to the low-frequency rhythmic burst (open arrowhead in Fig. 1d ). This potential was accompanied by a decrease in the neuronal input resistance by more than 50% (Fig. 1e) and was abolished by bicuculline (Fig. 1f) . Application of ZD7288 (20-50 µM, n = 6), A primordial rhythm-generating neural network emerges during the segmental period of vertebrate hindbrain development, suggesting a common genetic basis to both the structure and network activity of the region. We show here that segmentation influenced a postsegmental developmental step by which a GABAergic rhythm generator was incorporated into the primordial network and increased rhythm frequency to near mature values. This process depended on specifications in r3 and r5 that controlled, on the basis of a two-segment repeat, later maturation of GABAergic inhibition. a blocker of I h , the hyperpolarization-activated mixed cationic current 9, 10 , significantly delayed (interburst interval increase, 159 ± 27%; n = 6) and rendered more variable the onset of the high-frequency burst in all cases ( Fig. 1h and i) . Therefore, a ZD7288-sensitive current was endogenously activated and controlled the membrane potential trajectory, leading to rebound depolarization in a manner similar to that previously reported for central neurons of adult mammals 11 . The inhibitory nature of the postsynaptic potential is shown by first, the suppression of firing recorded in extracellular or cell-attached configurations (see Fig. 1d and Methods), second, the short circuit of background synaptic activity (Fig. 1e) or of bicuculline-resistant burst-related excitatory potentials (Fig. 1f) and third, the effect of ZD7288 on high-frequency burst generation, indicating GABA A receptor-mediated hyperpolarization by GABA (Fig. 1h) .
Other active 'burst-related neurons' (BRNs, Fig. 1g ) were rhythmic, discharged in phase with motor bursts and lacked cyclerelated short circuits, rebound potentials and IPSPs; thus, rhythmic GABAergic neurons exclusively inhibited IRNs. Therefore, the high-frequency activity correlated with development of IRNs and GABA A receptor-mediated inhibition.
The importance of IRNs and GABA A receptor-mediated inhibition within the hindbrain neural network was also established pharmacologically. First, bath application of the GABA A receptor antagonist bicuculline (10 µM, n = 15) totally blocked the high-frequency activity but did not affect low-frequency bursts (Fig. 2a-c) . Benzodiazepinelike GABA A receptor potentiation by zolpidem (5 µM, n = 10) increased high-frequency activity by 4.0 ± 2.2 high-frequency intervals per low-frequency interval ( Fig. 2d-f) . By contrast, bath application of antagonists of glutamatergic NMDA receptors (n = 5) or AMPA receptors (n = 7), which impaired burst generation, or of beta-noradrenergic receptors (n = 5), which slowed low-frequency activity, had no effect on high-frequency generation. Therefore, high-frequency activity seems to entirely and selectively depend on the activation of GABA A receptors; this dependence is distinct from that of burst generation or of low-frequency control. Hence, inhibitory GABAergic synapses on IRNs are essential components of the central pattern generator 12,13 of high-frequency activity (HF-CPG), and the output of the high-frequency signal is mediated by postsynaptic relationships between IRNs and motor neurons.
A rhombomeric code for assembly of HF-CPGs
The early establishment of the HF-CPGs prompted investigation of its origin in relation to hindbrain segmentation. This was done by recording activities, at E7-7.5, from brain territories deriving from individual or pairs of rhombomeres isolated in situ at the time when they form (E2, see Methods). Twenty-four hours later, the isolated segments or segment pairs showed normal expression patterns (Figs. 3a and 4a) for Krox-20 (ref. 14) in r3 (3 of 3) and r5 (3 of 3) and Hoxb-1(ref. 15) in r4 (3 of 3). Sharp anteroposterior gene-expression boundaries persisted between expression domains when pairs of rhombomeres, r3/r4 (6 of 6) or r4/r5 (5 of 5), were isolated ( Fig. 4a) . At the time of recording (E7-7.5), territories derived from even-numbered rhombomeres isolated in situ had developed typical motor roots and sensory ganglia appropriate to their axial level 16 . In the cases of isolated r3 and r5, morphogenetic regulation resulted in the formation of ectopic g ) and whole-cell (d-g, set 2 in d is same neuron as set I) configurations; bath application of bicuculline (bic), a selective GABA A -receptor antagonist (a-c, f; bar above trace in a indicates application) and of ZD7288, a blocker of I h current (h). (a-c) At embryonic day 5 (E5), bursts were generated at low frequency (LF), forming a single population of adjacent interburst intervals i n and i n+1 AIBI histograms (c); in contrast, additional high-frequency bursts were elicited at E7 (compare b to nerve recordings in d, g and h). GABA A receptors had no major role at E5 (except as revealed by slight sensitivity of the low-frequency rhythm to bicuculline). (Fig. 3a) . We consider, therefore, that the molecular identity of rhombomeres was preserved.
Typical low frequency activity was observed in all segments studied (r2 to r5) except for the most posterior segment, r6 ( Table 1) . By contrast, high-frequency activity resembling that of controls and showing comparable sensitivity to bicuculline and zolpidem could be recorded from isolated r3 or r5, but not from r2, r4 or r6 ( Fig. 3b and c; Table 1 ). Territories derived from isolated r3 or r5 showed high-frequency interburst intervals similar to those of intact preparations of the same stage (Table 1) . Therefore, the assembly of HF-CPGs depends on odd-rhombomere-specific properties established early in development.
The segmental requirement for HF-CPGs to drive trigeminal, facial and glossopharyngeal motor neurons was investigated by recording from isolated segments containing adjoining odd/even (for instance, r3/r4) or even/odd (for instance, r4/r5) pairs of rhombomeres. Only those deriving from odd/even combinations, r3/r4 (7 of 7) or r5/r6 (3 of 3), developed a normal HF-CPG output ( Fig. 4b and c; Table 1 ). By contrast, neither isolated r2/r3 (3 of 3) nor r4/r5 (5 of 6) were able to generate typical high-frequency activity. In addition, failure to obtain high-frequency activity following isolation of r1/r2 (2 of 2) predicted the absence of a HF-CPG at the trigeminal level; this was verified by acute transverse section at E7-7.5 ( Fig. 4d-f) . Therefore, based on a twosegment repeat, r3 and r5 HF-CPGs are prone to drive motor neuronal pools located in their caudal even-numbered neighbors.
DISCUSSION
Our results have revealed a rhombomeric code required for assembling a specific neuronal circuit within the hindbrain. Because GABAergic inhibition is the essential link, gene expression responsible for establishing the two-segment repeated Table 1 . AIBI histograms show that all r3 and r5 preparations and none of the r2, r4 or r6 preparations produced high-frequency activity; axis scale is the same for all plots. (c) HF-CPG function within isolated segments (quantified by the ratio of the number of high-frequency intervals to the number of low-frequency intervals, nHF/nLF, see Methods). Ratios for r3 and r5 were similar to those for the intact hindbrain (see Fig. 4f, control) . For example, Krox-20 in r3 and r5 and Hoxa2 in r3 upregulate expression of the Eph receptor tyrosine kinase family receptors, EphA4 and EphA7 17, 18 , respectively. In the hindbrain neural tube, Eph receptors may mediate cell-cell repulsion that helps prevent cell mixing between adjacent rhombomeres 19 , allowing commitment to rhombomere-specific fates during later development 2 . This could affect the allocation of distinct cell lineages leading to the presence of IRN and/or BRN progenitors in odd and even rhombomeres, respectively.
Eph receptors and ephrin ligands are expressed in alternating rhombomeres 20 , thereby providing a potential mechanism for interaction of cells in adjacent rhombomeres with each other. During synapse formation, clustering of postsynaptic GABA A receptors 21, 22 is likely to account for increased membrane conductance during synaptic inhibition in IRNs. Evidence suggests that Eph/ephrin signaling within macromolecular complexes linked by proteins containing PDZ domains has a role in the targeting and clustering of glutamate receptors at central excitatory synapses [23] [24] [25] . If such a scheme applies at inhibitory synapses, it could result in their stabilization or destabilization, perhaps accounting for their presence in odd/even rhombomere combinations and their absence from even/odd combinations.
Switching on GABAergic inhibition occurs not only at early neonatal stages of development 26, 27 and in adults 28 . We now show that GABAergic inhibition is also a necessary component of embryonic development, linked both to hindbrain segmentation and to the onset of adapted rhythm generation. This certainly has an influence on later stages of development, because the loss of r3 and r5 after inactivation of Krox-20 in mice impairs the rhythmogenic function of the hindbrain at birth, causing lifethreatening apneic (low-frequency) breathing 7 .
METHODS
Animals and hindbrain preparations. Hindbrains of staged chick embryos 5 , were surgically isolated as previously described 3 and transferred into a 2-ml recording chamber superfused at a rate of 2 ml per min with a physiological solution composed of 120 mM NaCl, 8 mM KCl, 0.58 mM NaH 2 PO4, 1.15 mM MgCl 2 , 1.26 mM CaCl 2 , 21 mM NaHCO 3 and 30 mM glucose, aerated with 5% CO 2 /95% O 2 at pH 7.3 and 30°C. Bicuculline methiodide (Tocris, 10 µM) or zolpidem (Sigma, 5 µM) was bath applied for 10 minutes through the physiological solution. The effect of zolpidem was not reversible (Fig. 2d) , even after a two-hour washout. ZD7288 (Tocris, 20 µM, n = 3; 50 µM, n = 3) were bath applied for 15-30 minutes to study its effect on brainstem neuronal networks. No recovery was obtained after a two-hour washing period so that, as for zolpidem, a new preparation was made for each application. Experiments were performed and animal facilities maintained as authorized by the Ministry of Research-Technology and Agriculture.
Isolation of neural segments. Isolation of rhombomeric territories was performed at stage 10-11 (10-15 somites, E2). Embryos were made visible by subblastodermal injection of India ink, and microsurgery was performed through a small opening of the vitelline membrane using flame-sharpened, 150 µm diameter, pure tungsten wire needles. Rhombomeres were isolated by excising both the immediately rostral and caudal pairs of adjacent rhombomeres; for example, to isolate r4, bilateral transverse cuts were made along the boundaries between r1 and r2 (r1-r2), r3-r4, r4-r5 and r6-r7, then the r2/r3 and r5/r6 segments were dissociated from the surrounding mesoderm and excised, together with their underlying notochord. Eggs were sealed with tape after the operation and returned to the incubator for approximately six days, until they had reached E7-7.5. At the time of recording, the cut ends of the neural tube had sealed up and developed into rounded structures (Figs. 3a and 4a) so that all operated embryos had a discontinuous neural tube composed of three independent vesicles wrapped with pial mesenchyme. Dorsoventral polarity appeared to be preserved in isolated segments as indicated by the location of motor nerve exit points and the presence of a dorsal, ventricular-like structure. At E7-7.5 the neural tube, together with the pial mesenchyme, and often the surrounding mesenchymal derivatives, were dissected out and transferred into the recording chamber to estimate isolation failures due to the presence of axonal bundle interconnections. Such Fig. 4 . Two-segment repeated specification of high-frequency activity in cranial roots. (a) Isolated rhombomere pairs r3/r4 and r4/r5 retain normal expression patterns of the developmental control genes Hoxb-1 (red) in r4, and Krox20 (blue) in r3 and r5. Scale bar, 100 µm. (b) Trigeminal (r2/r3), facial (r3/r4 and r4/r5) and glossopharyngeal (r5/r6) activity at E7-7.5, three examples of each and AIBI histograms (cases in Table 1 ); axis scale is the same for all plots. The output of the r3-derived HF-CPG was specified in facial (r3/r4), not trigeminal (r2/r3) motoneurons; similar results were obtained for r5 after a two-segment translation. (c) HF-CPG function was more variable in r3/r4 and r5/r6 than in r3 or r5 and was larger than normal in r3/r4, suggesting control of high-frequency activity by neuromodulatory systems dependent on interactions between rhombomeres earlier in development. (d-f) Transverse sections at E7-7.5 abolish high-frequency generation in the trigeminal (nV in e) but not in the facial root (nVII in e). The facial high-frequency activity (nVII in f, n = 5) was decreased in the intact hindbrain by rostral neuromodulatory influences, and the trigeminal high-frequency activity (nV in f, n = 5) depended entirely on the activity of more caudal CPGs. connections were found in 5 of 61 cases, in which activities originally synchronized between isolated territories could be desynchronized by a transverse section between these territories; these embryos were excluded from analysis.
Electrophysiology. Nerve recording techniques have been reported previously 3 . The proximal root of a motor nerve was aspirated into a suction electrode connected to a high-gain AC amplifier (Grass P511). Amplified, filtered (bandwidth, 3 Hz-3 kHz) whole-nerve recordings were rectified and integrated through an analog integrator (Grass 7P3B) with a time constant of 50 ms. Blind, whole-cell recordings were obtained using pipets (7-10 MΩ) pulled from borosilicate glass and filled with a recording solution containing 130 mM K-gluconate, 1 mM CaCl 2 , 1 mM MgCl 2 , 10 mM BAPTA, 10 mM Na-HEPES and 2 mM Mg-ATP at pH 7.4 and 30°C. The spontaneous cell-firing pattern during one rhythmic cycle was sometimes recorded in extracellular or cell-attached configurations that preceded patch rupture. Populations of inhibited or bursting reticular neurons could be distinguished from one another initially by burst-related inhibition or excitation, and after patch rupture, by burstrelated IPSPs/rebound depolarizations or excitatory postsynaptic potentials, respectively ( Fig. 1d and g) ; their time courses remained unchanged throughout the recording sessions (0.5-2 hours).
Rhythmic phenotype identification.
Upward deflections of the rectified, integrated whole-nerve recordings corresponding to burst discharges of the nerves were acquired using the Acquis1 software package (developed by G. Sadocq, Gif-sur-Yvette) and automatically detected using a threshold device. The earliest activity of cranial nerves in the isolated hindbrain preparations, at stage E4.5, consisted of spontaneous single-burst discharges recurring at a low frequency of once every 30-40 s (Fig. 1a) . During the following 48 hours, the maturation of activity consisted of a steady-state increase of low-frequency interburst intervals (iLFs). When iLFs reached a threshold of 70.2 ± 6.2 s (measured on 14 embryos), single-burst discharges were replaced by episodes of activity comprising high-frequency, cyclical burst discharges (compare Fig. 1b with Fig. 2b and e) . Maturation progressed up to E10 (oldest recorded embryo) with the further addition of high-frequency burst discharges within episodes 3, 6 . We considered a whole-nerve activity to be produced by a central, lowfrequency rhythm generator if all interburst intervals recorded on the preparation were larger than 30 s and if the coefficient of variation (s.d./mean) of the period was smaller than 0.30 ( Table 1) .
High-frequency burst generation showed robust interaction with generation of the low-frequency bursts; thus bursts were distributed in three statistically distinct populations according to the duration of adjacent interburst intervals (i n , i n+1 ) illustrated in two-dimensional histograms (adjacent interburst interval histograms, AIBI histograms; see Figs. 1c and 2c and f and 3b and 4b) . To quantify activity produced by the high-frequency CPG, we divided the number of short interburst intervals that were less than 10 s (Table 1 ) by the number of low-frequency intervals (nHF/nLF; see examples for individual episodes in Fig. 2a and d) .
Anatomy. Digoxigenin-labeled and fluorescein isothiocyanate (FITC)-labeled riboprobes 29 were used in whole-mount in-situ hybridization. The probes used were for chick Hoxb1 (V. Prince) and mouse Krox-20 (D. Wilkinson), which cross-hybridizes with chick Krox-20. Digoxigeninlabeled probes were detected using 5-bromo-4-chloro-3-indolyl-phosphate and nitroblue tetrazoliumchloride as substrates (blue stain), and FITC-labeled probes using FastRed (red stain).
